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Introduction

Within the next decade, very-high-power, high-
energy laser facilities may be constructed in Europe!?
and the United States.? Two-dimensional (2-D) numer-
ical simulations with the LASNEX code* at Lawrence
Livermore National Laboratory (LLNL) indicate that
this next generation of lasers offers the prospect of
producing multi-keV x rays with unprecedented effi-
ciency: as much as 14% above 10 keV, 30% above 4 keV.
Such efficiencies, coupled with the intrinsically high
energy of these facilities, should allow us to produce
great quantities of multi-keV x rays—as much as sev-
eral hundred kilojoules. This, in turn, may allow us to
perform experiments and field diagnostics we could
never consider with current facilities. Applications of
high-energy, multi-keV sources with the proposed
National Ignition Facility (NIF) include volume pre-
heating of experimental targets; bright, multi-keV
backlighting; pumps for fluorescent imaging of cap-
sule dopants and Doppler velocimetry; and uniform
irradiation of large test objects for Nuclear Weapons
Effects Testing (NWET).

Projections of Efficiency

Conventional slab targets irradiated by current lasers
produce multi-keV x rays with relatively low efficiency.
At photon energies >3 keV, the typical efficiency for
converting laser light into multi-keV x rays is less than
1%.5 Multi-keV efficiencies well in excess of those com-
monly obtained today are predicted to be achieved
with “underdense radiators,” a nontraditional source
of laser-generated x rays (so called because the density
of these targets is less than critical density of the laser
light). Figure 1 shows two examples of such sources.
Figure 1(a) is a column of gas (or foam) irradiated from
one end by a single 0.35-um (blue) laser beam. In
simulations using 0.01 g/cm? of Xe gas irradiated by a
2-ns flattop pulse at an intensity of 101> W /cm? we find
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FIGURE 1. Two types of “underdense radiators.” (a) is a gas (or foam)
column irradiated from one end with a single, large-fnumber beam.
(b) is a transparent container, filled with underdense gas or foam,
irradiated with several beams. NIF target type (a) can be irradiated
with, at most, 10 TW. Target type (b) can accept several beams, so it
can be irradiated with higher total power.  (20-03-0696-1296pb01)

efficiencies into photons of energy >4 keV (L-shell Xe
and continuum) to be 19% with a 10-TW beam. Since a
cluster of four “beamlets” of the proposed National
Ignition Facility (NIF)3 will deliver 10 TW in the geom-
etry of Fig. 1(a), good efficiency may be achievable
with such gas-column sources. However, simulations
indicate that higher efficiencies and higher photon
energies with such a target will require more than 10 TW.
This would be incompatible with the 10-TW /beam
maximum of the NIF. Figure 1(b) shows a higher
power source compatible with the NIF. It is a low-Z
container, transparent to x rays of interest, filled with
an appropriate-Z, low-density gas or foam. Since it is
heated by more than one beam, it can be irradiated at
much more than 10 TW. In simulations where the can
is filled with Xe gas at 0.01 g/cm?, we find near-optimal
performance for containers 2 mm diameter and 1.6 mm
long with 1-mm-diam laser entrance holes. For 2-ns
pulses, simulated, >4-keV efficiencies range from 17%
at 20 TW to 30% at 60 TW.

We have efficient 2-D designs of target type (b) at
photon energies up to ~10 keV. Table 1 summarizes our
LASNEX study. In all cases, the densities are 0.01 g/ cn,
and the rest of the laser energy appears as either ther-
mal emission (<1 to 2 keV) or plasma energy.
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Figure 2 plots the highest source efficiencies in the
third column of Table 1 vs photon energy and com-
pares them with current disc backlighter efficiencies.
The figure forcefully illustrates how much more effi-
cient underdense radiators, heated by powerful lasers,
can be compared to current backlighters.

5

TABLE 1. Summary of LASNEX study results.

Material Power (TW) Fraction of laser energy > hv (keV)
Kr 60 4% >13;30% > 2
Ge 60 14% >10; 26% > 2
Ge 50 10% > 10; 26% > 2
Ge 30 7% >10;20% >2
Cu 40 11% > 8.5; 26% > 2
Cu 30 10% > 8.5;24% > 2
Dy 60 9% >8;24% > 2
Xe 60 30% >4; 48% > 1
Xe 50 26% >4;48% > 1
Xe 30 22% >4;40% > 1
Xe 20 17% > 4;37% > 1

Physics of Efficient Production

Analysis of LASNEX simulations leads to a simple
understanding of such high efficiencies in the multi-
kilovolt regime and tells us why these are qualitatively
different from standard discs. In the following discus-
sion, we use Xe as an example, although the arguments
are valid for other materials as well.

Good Multi-KeV Efficiency Is
Intrinsically Possible

First, we show how high, multi-keV efficiency is
possible with an underdense radiator. Figure 3 illustrates
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FIGURE 2. The projected multi-keV efficiencies for sources like those
of Fig. 1(b) are much higher than current disc efficiencies. K-shell
refers to the Ge, Cu, and Kr sources of Table 1. L-shell refers to the
Dy and Xe sources.  (20-03-0696-1301pb01)

the first component of high, multi-keV efficiency. It
shows theoretical estimates of Xe emission at electron
temperatures of 2 keV and at 5 keV. The Xe density is
0.01 g/cm?. This plot makes a widely known but
essential point: x-ray emission shifts to higher energy
as plasma is made hotter. Figure 4, which plots radia-
tion production/ cm3 vs electron temperature, contains
the next step in the argument. This is from an optically
thin LASNEX simulation. The black line is total emission
vs T,. The gray line is the emission >4 keV (see Fig. 3).
This plot shows that the overall radiation production
does not change greatly with plasma temperature.
However, at higher temperatures almost all the emission
will be multi-keV (see Fig. 3). Figure 4 illustrates an
important point: a material that efficiently produces

x rays in the softer, “thermal” region may also efficiently

(b) Xe at 5 keV
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produce x rays in a much more energetic region if it is
made hotter.

Figure 5is the plot needed to reach a simple, quanti-
tative understanding of efficient multi-keV production.
It shows Xe L-shell radiation production vs electron
density for material at electron temperatures of 3, 4 and
5 keV. The Xe volume is that of a 1.4-mm-radius stan-
dard “gasbag”® similar to ones we have shot on Nova
for studies of laser—plasma instabilities” Figure 5 shows
that at densities ~1 to 1.5 x 1021/ cm, a 4- to 5-keV Xe-
filled gasbag would produce ~5 to 12 TW of L-shell
emission. Thus, if we can heat such a gasbag to these
temperatures with a 30-TW, 1-ns Nova pulse (30 k]
energy), and if it remains together for ~1 ns, we might
expect to produce ~5 to 10 kJ of L-shell emission, or 16 to
33% multi-keV efficiency.

That we can both heat the bag and that it does not
disassemble too quickly follow from simple arguments.
If all the material in the gasbag is at constant tempera-
ture, then its thermal energy in k] is approximately
2.75T, (in keV) x n, (in units of 1021 /cm?). For the tem-
perature and density regimes of interest (4 to 5 keV,
1to 1.5 x 10%1), this corresponds to 10 to 20 k]. Moreover,
the sound speed of Xe gas at 4 keV is ~6 x 107 cm/s, so
the rarefaction takes more than 1 ns to propagate to the
center of the 1.4-mm-radius bag.

The Xe emission calculations just discussed were
made with a non-local-thermodynamic-equilibrium
average-atom model known as XSN.8 Better theoretical
estimates using a detailed configuration approximation
model” give essentially the same result. Our estimates
above also assume the radiation can get out. Detailed
simulations with radiation transport of the lines indi-
cate that the radiation can escape.

Hydrodynamics for Good Efficiency

Above we reasoned that efficient multi-keV radia-
tion production is possible. It also indicates that the
achievement of good multi-keV efficiency requires a
hydrodynamic system that converts most of the laser
energy into hot plasma at sufficient density that it can
radiate a considerable fraction of the energy before it
disassembles. Underdense plasmas can provide such a
hydrodynamic system. Moreover, they do this better
than discs, which is the main reason underdense plas-
mas can be considerably more efficient multi-keV
sources than discs (see Fig. 2).

We can see the hydrodynamic differences by ana-
lyzing three simulated Xe gas-column sources of
different densities (0.01, 0.02 and 0.1 g/cm3) but
irradiated by the same laser. Figure 6 shows the total
L-shell radiation escaping 1-D simulations of these gas
columns vs time. (1-D analogs of the 2-D gas column of
Fig. 1[a]. The 1-D efficiency is higher than 2-D efficiency
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because there is no radial hydrodynamic disassembly.)
The gas column that started at 0.01 g/ cm3 (~0.2nC
when fully ionized) has the highest efficiency. At the
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FIGURE 4. Total emission per cm? vs electron temperature and L-shell
emission (Xe at 0.01g/ cm3). A material that is an efficient source of
thermal x rays can also be a good source of multi-keV x rays, if we
can make it hot enough.  (20-03-0696-1303pb01)
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FIGURE 5. L-shell emission from the volume of a 1.4-mm-radius,
Xe-filled gasbag, vs electron density.  (20-03-0696-1304pb01)
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end of the 2-ns pulse, more than half of the incident
48-TW laser power is escaping this column as L-shell
emission. The column that started at 0.02 g/ cm3
behaves like the lower density one for ~1 ns, but then
its efficiency drops notably. The 0.1-g/cm? gas column
has comparatively low efficiency the whole time. We
call it disc-like since its simulated L-shell radiation pro-
duction is the same as a frozen Xe slab’s (not shown).
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FIGURE 6. Time dependence of L-shell emission escaping 1-D LASNEX
simulations of Xe gas columns of different densities. The three columns
were all irradiated with 48 TW of blue laser light. (20-03-0696-1305pb01)

(a) Best efficiency p=0.01 at 1 ns
0

(b) Poorest efficiency p=0.1at 1 ns
0 -

Now we can pass on to the next level of understand-
ing. Figure 7 plots electron density and temperature, at
1 ns, vs length along the gas columns. The three 1-D
gas columns clearly have very different hydrodynamics.
In Fig. 7(a), in the 0.01-g/cm? gas column, the heating
front moves nearly supersonically (also known as a
bleaching front). However, in the poorest-efficiency,
0.1-g/cm? gas column, Fig. 7(b), the heating front
moves subsonically (also known as an ablative front).
Unlike the bleaching front, the ablative front drives a
shock of dense material ahead of itself. The 0.02-g/cm3
gas column is a transitional case; early in time it was
heating in an approximately supersonic manner.
However, residual hydrodynamics caused a density
bump ahead of the front to accumulate, finally causing
a transition, at ~1 ns, to completely ablative heating.
The transition from bleaching to ablative coincides
with the efficiency drops at 1 ns seen in Fig. 6.

Further analysis shows that a bleaching front creates
far hotter plasma than an ablative front, hotter plasma
that is denser and therefore more efficient in producing
multi-keV x rays. In particular, we find the following:

* In producing a given mass of hot plasma, more energy
is lost to low-photon-energy radiation when the
heating occurs in a dense ablation front than when
the matter is heated in the uncompressed bleaching
front. The ablative front’s dense material, which is
being heated by conduction from the laser-deposition
region, has a very high radiation production rate.
However, since it is relatively cold, the emission is
not multi-keV. This emission is energy lost from the
system that cannot contribute to heating plasma and,
since it is low-photon energy, does not contribute to
multi-keV production. From the viewpoint of multi-
keV radiation production, it is a parasitic loss.

(c) Transitional case p =0.02 at 1 ns
0
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FIGURE 7. Electron temperature (keV) and electron density (x 1021) at 1 ns vs axial position (cm) for the three 1-D gas-column sources in Fig. 6.
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* Because of the higher density, the material in the
ablation front rises to higher pressure. This ends up
as more kinetic energy per unit of mass heated.

* More kinetic energy causes the hot blowoff behind
an ablative heating front to be less dense than behind
a bleaching front; compare electron density profiles
of Fig. 7(a) and 7(b). Consequently, the blowoff
behind the bleaching front produces more coronal,
multi-keV x rays per unit mass because such emis-
sion scales approximately as (1 e)2 (see Fig. 5).

Experimental Validation of Modeling

Calculations similar to those above provided the
first indication that we might be able to very efficiently
produce multi-keV x rays with laser-heated underdense
sources.!? Following these initial findings, we per-
formed theoretical and experimental work to examine
the validity of these predictions. This involved testing
our ability to properly estimate the multi-keV efficien-
cies of published slab data, 1113 as well as efficiencies
from Xe-filled gasbags® specifically shot at Nova to test
these predictions.!* Figure 8 compares simulated and
experimental absolute multi-keV efficiencies for all
these experiments. Except for two low-intensity
(1.4 x 10 W /cm?) slab targets, there is general agree-
ment between the experiment and simulations. In
particular, the >4 keV, L-shell production from our Xe
gasbag experiments!# agrees satisfactorily with the 2-D
LASNEX estimates. They are actually slightly higher
than the simulations. This favorable comparison seems
to lend credibility to the predictions discussed above.
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FIGURE 8. Comparison of simulated and experimental multi-keV
conversion efficiencies from several databases. (20-03-0696-1307pb01)
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In addition to this comparison with experiment,
there is a fairly extensive and documented database
indicating that LASNEX reasonably models the electron
temperature in gasbags and gas-filled hohlraums.!®
The capacity to properly estimate underdense plasma
electron temperatures is an essential component of
believable, multi-keV predictions.

Applications of Efficient Multi-
KeV X-Ray Sources

Below we discuss four applications of high-energy,
multi-keV sources with the NIF:

1. Volume preheating of experimental targets.

2. Bright, multi-keV backlighting.

3. Pumping for fluorescent imaging of capsule
dopants and doppler velocimetry.

4. Uniform irradiation of large test objects for
NWET.

Preheat Sources

Multi-keV x rays can be used to preheat experimen-
tal packages. The preheat temperature T, produced in
a package located distance d away from a multi-keV
source can be found by balancing x-ray deposition
with internal energy. Neglecting ionization energy, this
balance is approximately

EL  PERZ e g10%) )

Here n, is the multi-keV efficiency; E; is the laser
power; / is the scale length over which x-ray absorp-
tion occurs in the experimental package; p, Z, and A are
the density, atomic number, and weight of the experi-
ment we are preheating. Using n, =30%, E; = 10°],
d=05cm, p=1g/cm3 and (Z+1)/ A = 0.33 gives
T,=2eV-cm// . Depending on /, it may be possible to
preheat large p = 1 samples to ~5 eV and thinner ones
up to several tens of eV, possibly approaching 100 eV.
NIF applications for preheat sources like this include
off-Hugoniot equation-of-state measurements and
low-temperature hydrodynamics.

Backlighter Sources

Sources like these could serve as the bright, high-
photon-energy, large-area backlighters needed for big-
ger targets. Consider, for example, the 60-TW Ge source
listed in Table 1 scaled up to 100 TW (14% > 10 keV).
Viewed from the end of the 2-mm-diam cylinder, the
>10-keV emission/cm?/sr will be 3.5 x 1013 W /em?2/sr.
This is equivalent to viewing a 10-keV hemi-isotropic
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disc source of 1% efficiency irradiated by 700 TW at an
intensity of ~2.2 x 1016 W /cm?.

Pumps for Fluorescence-Based
Diagnosis

Efficient multi-keV sources and high-power lasers
may allow us to field fluorescence-based diagnostics—a
qualitatively new way of studying hydrodynamics. The
principle is simple: a multi-keV source at distanced
pumps a dopant in a capsule. In imaging, the number of
photons collected from a resolution elementr is given by

Nr
— 00N 4t OT
_NxPL 2 [4n et
# of photons = a2 r %@ E . (2)

X

Here, P; is the laser power; E,, the source’s average
photon energy; ng, the dopant’s fluorescent efficiency;
and 8Q, N4, and 37, the camera’s solid angle, efficiency,
and time resolution. Using r = 10 um, P; = 60 TW,
n,=10%, E, =10 keV, d = 0.5 cm, 81 = 100 ps, and
Ng=02 (ie, Cu-Kat 8 keV hasnp= 0.2 in Ref. 16) gives

# of photons = (3.2 X 109)51%@2%& : 3)

For a 10-um pinhole at 1 cm and the dopant concen-
tration arranged so that 10 yum/¢ [10.01 to 0.1, we collect
40 to 400 photons from each 10-pm resolution element.
For a curved crystal /Rowland circle system, the number
of photons could be ~300 to 3000, at 1% crystal reflectivity.

A compelling possibility is using doppler spectroscopy
of fluorescent lines to measure pusher velocity and,
possibly, show the evolution of turbulence (via line
broadening) at stagnation. Figure 9 indicates how the
fluorescent lines may be shifted when the pusher starts to

1
Evolving turbulence
could broaden these
features

Stagnation

Final
acceleration

Time

Shock breakout

Photon energy
FIGURE 9. Doppler spectroscopy of fluorescing dopants in a capsule
could measure pusher velocity and, possibly, show the evolution of
turbulence, via line broadening, at stagnation. Efficient multi-keV
sources could pump such fluorescence.  (20-03-0696-1308pb01)
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move, during final acceleration, and during stagnation. A
requirement for this will be an efficient spectrometer
which sees only diametrically opposed parts of a doped
capsule. Related to this, fluorescence might produce cut-
away pictures of capsule mix, perhaps similar to those
used to visualize mixing in 3-D simulations. At a velocity
of 107 cm/s or more, narrowband Doppler imaging with
a camera of spectral resolving power 1500 or greater!”/18
could image only one side of the imploding pusher.

Large Fluence-Area Products with
Good Uniformity

A requirement for NWET is that the flux over a test
object be uniform to +10%. This allows us to describe
an NWET simulator by the fluence x area product that
it can produce with that uniformity. In general, the flu-
ence x area product in a given spectral region will be

=

fluence xarea = %@debris-shield(eplo%) : (4)

The first term (E; n/47) is the source output per
steradian in the spectral range of interest. It is deter-
mined by multi-keV source efficiency and total laser
energy. T upris-shield 1S the debris shield transmission. It
will be ~unity at 5 keV and higher, but may be signifi-
cantly <1 at lower energies. The last term 8Q, is the
solid angle we can collect from each source and still
get £10% uniformity. It is a strong function of geome-
try. If all the emission is concentrated at a single point,
as in typical pulse-power NWET simulators, we can
collect only 0.45 sr with £10% uniformity. However, if
we produce x rays in a number of properly distributed
sources, the useful solid angle increases. With four dis-
tributed sources, we can collect up to 1.6 sr from each
source, and with 25 distributed sources, 4.5 sr. Thus,
with proper facility capabilities, it is possible for 1] of
laser-produced multi-keV energy to be worth up to 10 ]
produced by a more conventional NWET simulation
source. However, this improvement comes at a faciliti-
zation price. The sources need to be distributed over
an area comparable to the size of the test object. For
objects ~1 m across, this requires steering beams to
irradiate sources much as 50 cm from chamber center.

On the NIF, the estimated fluence x area products
with four distributed sources and 100% debris-shield
transmission are as follows: 1 to 5 keV, 50,000 ]—sz;

5 to 15 keV, 14,000 J-cm?. With 25 distributed sources:

1 to 5 keV, 140,000 J-cm?; 5 to 15 keV, 40,000 J-cm?. This
prospect for simulation capacity has led to the forma-
tion of a joint U.S. Department of Defense-Department
of Energy working group (NIF Radiation Sources
Users Group!?) that works with the NIF Project aiming
to optimize the NIF's NWET capabilities.
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